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A spectroscopic ellipsometric study of single-, double- and five-layer graphene transferred to thick 
SiO2 support layers is presented. Depolarization measurements showed significant peaks. To 
understand the nature of this depolarization, a sample series consisting of SiO2 support layers of 
different thicknesses covered with thin pulsed laser deposited carbon layers is also studied.  Our 
investigations show that depolarization originates both from the measurement conditions and from 
the sample properties, and becomes significant due to the presence of the support layer. Our 
findings reveal that the observable depolarization peaks diminish with the increase of absorption 
and thickness of the layer covering the support layer. Since the support layer is generally used to 
increase the sensitivity of ellipsometry based on the interference enhancement method, we study the 
influence of depolarization on the results of ellipsometric evaluation. It is shown that neglecting 
depolarization during the analysis can cause significant inaccuracy in the deduced thickness and 
optical properties of graphene. This difference decreases with increasing layer number, i.e. with 
increasing graphene thickness. This effect is also shown for thicker test carbon layer series.  
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I. INTRODUCTION 
Exploring the optical properties of graphene has been the goal of an intensive research during 
the last few years. Spectroscopic ellipsometry (SE) is a contact-free and widely applied tool of this 
research. Ellipsometry is not only capable of investigating the optical response of 2D materials; but 
it has already been used to discover that the deduced refractive index of graphene depends on 
several sample properties. Among them the most important ones are the production technique used 
(including exfoliation of graphene flakes [1-3], epitaxy on SiC [4-6], and chemical vapor deposition 
(CVD) on transition metals like copper and nickel [7-10]); the type of the substrates; and in the case 
of transferred graphene, the possible presence of an interlayer between the substrate and graphene 
[8,10]. In the following, it will be shown that besides these parameters the measurement 
circumstances may affect the ellipsometric evaluation itself, also influencing the deduced optical 
properties of graphene and other 2D materials.  
 
Generally, ellipsometry is applied to determine the optical properties and thicknesses of thin 
films by measuring the polarization change of a probe light upon reflection on the sample, and by 
modeling and fitting the measured ellipsometric data. The simultaneous determination of film 
thickness and optical properties for thin films below ~ 10 nm is challenging, since in such cases 
these data are rather correlated which deteriorates the sensitivity of ellipsometric measurements. It 
is more complicated if the film is absorbing since beside the refractive index (n) the extinction 
coefficient (k) values need to be deduced as well. These two layer properties, namely that they are 
ultrathin and absorbing, are certainly true for most 2D materials, therefore in the case of their 
ellipsometric investigation the sensitivity of ellipsometry has to be increased. For this purpose, the 
interference enhancement method is applied widespread [11-13]. This method is based on the 
application of a thick, transparent, well-defined support layer. The presence of this thick dielectric 
layer below the absorbing layer under study increases the change in the optical path length, and 
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provides new information from measurements at multiple incidence angles [14,15]. A typical 
sample for this method is a thin ( < 50 nm) absorbing film (the film under study) deposited on a 
thick ( > 100 nm) transparent layer (the support layer) on a silicon substrate [14]. The absorbing 
layer must be thin enough to allow a significant fraction of the illuminating light to leave the sample 
after i) traversing the absorbing and transparent layer, ii) being reflected from the substrate, and iii) 
traversing again the two overlayers. When this condition is fulfilled, interference oscillations appear 
in the ellipsometric data, and the sensitivity of ellipsometry is enhanced to both film thickness and 
optical constants of the absorbing layer.  
 
Unfortunately, the sensitivity of ellipsometry decreases in cases when the reflected beam 
contains multiple polarization states, i.e. when the measurement conditions depolarize the probe 
beam. For example, depolarization certainly appears when measurements are performed with 
focused beams, which is necessary for samples that can be considered homogeneous only in small 
area (e. g. graphene and other 2D materials often exist in the form of flakes [1,2,16,17]). There are 
other possible sources of depolarization which can occur in the case of parallel beam measurements 
as well, and which may affect the results of the ellipsometric evaluation, like the finite bandwidth of 
the spectrograph [18, 19] and the inhomogeneity of film thickness. Most of the depolarization 
sources can be handled during the evaluation [20-23]. The description and handling of these sources 
are in the focus of intense research, meaning not only the development of new mathematical 
formulae [24], but also new measurement techniques [25]. However, up to our knowledge the effect 
of depolarization has not been investigated in case of interference enhancement method applied to 
ultrathin films like graphene.  
 
Therefore, in this study, we have examined the optical properties of graphene samples of 
different layer numbers and investigated the sensitivity of ellipsometry if the interference 
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enhancement method is applied in depolarizing circumstances. To gain a deeper understanding of 
the depolarization observed in the case of graphene samples, a test sample series was produced and 
evaluated, which consists of thermally grown SiO2 layers with carbon coatings of different 
thicknesses. It will be shown that in certain thickness ranges depolarization can have a significant 
effect on the deduced optical properties of the investigated layer.  
 
II. EXPERIMENTAL 
We investigated different commercially available graphene samples by spectroscopic 
ellipsometry. Three CVD graphene samples from ACS Material, LLC - single-, 2- and 5-layer 
graphene transferred to 300 nm thick SiO2 layer - were studied. To confirm the layer numbers of the 
graphene samples Raman spectroscopy was employed. Raman spectra were recorded by a Thermo 
Scientific DXR Raman microscope. The excitation wavelength was 532 nm; spectra were recorded 
in the 50-1860 cm
-1
 range with ~3 cm
-1
 resolution.  
 
Graphene sheets are usually transferred to silicon dioxide for easier visualization of their 
coverage, since a certain thickness of SiO2 drastically enhances the visibility of graphene [26]. 
Silicon dioxide is often used as support layer in interference enhancement method as well [2, 11-
14]. In this study, to understand the behavior of the graphene samples graphite-like carbon layers on 
thick SiO2 were also studied. For this purpose, we created a matrix of carbon-coated SiO2 samples 
with five different SiO2 thicknesses and six different carbon thicknesses. The five SiO2 layers in the 
thickness range of 30-660 nm were grown thermally by heating silicon wafers at 1000 °C in air 
ambient applying different annealing times. These layers were later used as transparent support 
layers for the thin carbon layers, which were produced by pulsed laser deposition (PLD). In the 
PLD setup, a glassy carbon target was used, which was ablated by a KrF excimer laser in 1 Pa 
argon background. The SiO2 layers were coated with carbon layers by applying 1000 and 20 laser 
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pulses. The lateral thickness distributions of the carbon thin films belonging to the same pulse 
numbers were the same, since the spatial distribution of the laser plasma was permanent at each 
deposition process. The two different laser pulse numbers and the thickness distributions allowed 
selecting carbon film domains with 6 different nominal thickness values in the range of 8 to 60 nm 
at each SiO2 thickness value. A more detailed description of the SiO2 and carbon layers of the 
5×6=30 samples is given later..  
A rotating compensator spectroscopic ellipsometer (Woollam M-2000F) was used to measure 
the and depolarization values in the 275-1000 nm (1.24-4.5 eV) range at 462 photon energies. 
Depolarization measurements were performed assuming isotropic behavior of the samples, allowing 
the determination of the M12 (N), M33 (C) and M34 (S) Mueller-matrix elements without the 
measurement of the full Mueller-matrix. These independent non-zero elements can be calculated 
from  and as follows [27]:  
N=cos2 
C=sin2cos  (2) 
S=sin2sin  
The sum-square of these elements is equal to one only if the sample is non-depolarizing, so it 
corresponds to the degree of polarization, therefore depolarization is defined by [28]: 
𝐷 = 1 − (𝑁2 + 𝐶2 + 𝑆2) (4) 
Measurements were carried out with parallel and focused light beams (the minor axis of the 
focused beam is 150 m) at 60°, 65° and 70° angles of incidence (AOI). When using focusing 
optics the shift of the incidence angle was measured to be 0.2° on a standard silicon wafer and later 
fixed during the analysis. Four measurements were performed on all graphene samples which were 
simultaneously analyzed. When performing measurements on our PLD carbon films, the same 
lateral position was chosen on each sample to ensure the measurement of film domains of similar 
thicknesses. Evaluation of the spectra was carried out with WVASE32 software. For evaluation, the 
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multisample method was used [15], which allows the simultaneous analysis of data measured on 
different samples with the same set of optical constants to describe all films. For more details of the 
modeling see the Results and discussion section. The quality of fitting was classified using the mean 
squared error (MSE) [29] values defined as follows:  
, (5) 
where L is the number of fitting parameters and N denotes the number of measurement points. 
In the case of  and , the c and m superscripts denote the calculated and measured values, 
respectively.  and  are standard deviations related to  and  data. The reported errors were 
calculated using 95% confidence level in all cases.  
 
 
 
III. RESULTS AND DISCUSSION 
When performing measurements on the graphene samples with focused beam, notable 
depolarization was observed on each sample. Figure 1 a), b) and c) show the <n>and the 
depolarization curves belonging to the single-layer graphene sample.  
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FIG.1. a) curves, b) <n> curves and c) depolarization spectra of the single layer graphene 
sample at 60, 65 and 70°AOI. The fitted curves using the method described in Section C are also 
presented with solid lines. 
 
It can be seen from Figure 1 that the positions of the main depolarization peaks correlate with 
the interference oscillations of the  spectra. This coincidence is more prominent in the case of 
<n> curves. Since the source of these oscillations is the interference between light reflected from 
the top and bottom of the support layer, the shape and position of the oscillations depend mainly on 
- beside the measurement conditions - the thickness and optical properties of the support layer. 
Therefore the correlation of the depolarization peaks with the peaks of the ellipsometric spectra 
indicates that though the depolarization sources can be sample or measurement related the 
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properties of the structures are mainly present due to the support layer and not graphene itself. This 
is also supported by the observation of Abdallah et al [18]
, 
who presented
 
similar depolarization 
curves in the case of Ni1 − xPtx thin films deposited onto 200 nm thick SiO2. Thus in the followings, 
before proceeding to the determination of the optical properties of graphene, it will be shown and 
discussed under which circumstances depolarization appears when thermally grown silicon dioxide 
is used as support layer. 
 
A. Depolarization of SiO2 layers and its possible sources 
The depolarization curves of thermally grown SiO2 support layers are presented in Figure 2. To 
investigate the possible depolarization sources measurements were carried out both with parallel 
and focused beams (Figure 2 a) and b), respectively). Notable depolarization was obtained in both 
cases, and the depolarization spectra showed similar periodic structure: more peaks are present in 
the case of thicker layers, and the peak positions for the same layer thickness are the same with both 
beam types. 
  
 
FIG.2. Depolarization measured on thermally grown SiO2 layers with a) parallel (PB) and b) 
focused beam (FB) at 65° angle of incidence. The open circles present the measured data, while the 
solid lines correspond to the calculated depolarization 4 nm bandwidth of spectrograph was 
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assumed with a) a slight inhomogeneity in the sample properties in the case of PB measurements, 
and b) 3°angular spread in the case of FB measurements. 
 
To understand the nature of these depolarization curves, it should be taken into account that 
there are depolarization types which are inherently present during measurements. The finite 
bandwidth of the spectrograph and the angular spread of the beam always result in the presence of 
different polarization states [20], although the actual value of the measured depolarization also 
depends on the features of the sample under study. Sample related depolarization sources, namely 
inhomogeneous layer properties, surface scattering, or incoherent reflection of the probing beam 
from the backside of a transparent substrate can also be present [20]. In the case of our samples, the 
latter two effects can be excluded since the surfaces of the samples were smooth and the Si 
substrate is absorbing in the investigated spectral range. However, because of the finite bandwidth, 
the angular spread of the beam and the inhomogeneous layer properties, quasi-depolarization can 
occur. These depolarization types can be handled during the evaluation by taking into account that 
different portions of the light reaching the detector have different polarization states. During the 
analysis of our samples it was supposed that these parts add up incoherently. In this case the effect 
of quasi-depolarization can be quantified by averaging the Mueller-matrices corresponding to the 
different parts [28].  
Discussing first the parallel beam measurements, it can be stated that angular spread is not 
relevant; therefore the possible quasi-depolarization sources are the finite bandwidth of the 
spectrograph and the inhomogeneity in layer properties. The bandwidth of our instrument was 
found to be 4 nm [30], which - as a standalone depolarization source - is not able to explain the 
measured depolarization curves. It is not only the absolute values of the measured depolarization 
curves that cannot be reproduced, but their shapes are different as well. The height ratio of the 
measured neighboring peaks is almost constant (see Figure 2 a)), while the height of the peaks in 
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the calculated spectra increases much faster towards the UV range, also shown by [18]. Therefore 
the measured peaks cannot be reproduced with further increment of the bandwidth value indicating 
that at least one other depolarization source is present.   
The observed structure of the depolarization spectra can be described with additional layer 
thickness inhomogeneity. To investigate this possibility, thickness maps were recorded from each 
SiO2 layer. SE measurements using focusing optics were performed at 9 different points on an area 
of 5×5 mm2 size. The thickness map of the SiO2 layer with 515 nm nominal thickness is presented 
in Figure 3. 
 
FIG.3. Thickness map of the SiO2 layer with nominal thickness value of 515 nm. 
 
According to the thickness maps, the layer thicknesses vary on average 2 nm along a 5 mm 
distance. Since the minor axis of the elliptical probing spot is in the range of a few hundred microns 
in the case of focusing probes and 1-2 millimeters in the case of parallel beam, this layer thickness 
variation cannot explain the measured depolarization. To reproduce the observed depolarization 
shown in Figure 2 a), the thickness variation within the spot of the parallel beam should be almost 
an order of magnitude larger than the actual thickness inhomogeneity of the layers. 
 Our simulation showed that a minor inhomogeneity in the optical properties of the SiO2 layer 
can cause such depolarization effect. A patterned layer of which 3% has slightly different refractive 
index (dn~0.03) increases the depolarization enough to reproduce the measured depolarization 
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curves (see Fig. 2).  Since the exact description of this refractive index variation is beyond the scope 
of this article, as a next step, it was investigated whether these effects can be eliminated if the 
ellipsometric data is collected from a much smaller sample domain using focusing optics. 
If the measurements are performed with focusing probes, angular spread of the probing beam 
can cause depolarization since the different rays of the beam have slightly different incidence angles 
and they are travelling different optical path lengths in the transparent support layer. The extent of 
this kind of depolarization can be precisely calculated after measuring the divergence of the beam. 
The beam divergence of our instrument is measured to be 3°, so angular spread of the beam was 
taken into account with this value during fitting, along with the bandwidth which was fixed at 4 nm. 
Figure 2 b) shows that these two depolarization sources describe well the measured curves 
indicating that the effect of other possible depolarization sources can be neglected. This was further 
tested by allowing the fitting algorithm to adjust the thickness inhomogeneity parameter the values 
of which were around ~0.1 percent in all cases after fitting. According to these observations, the 
subsequent results were achieved by the evaluation of the focused beam measurements. 
 
B. Diminution of depolarization of SiO2 covered with different carbon layers 
As it was shown previously, depolarization occurs when only the support layer is present. In the 
following, it will be investigated how this depolarization is altered if the support layer is coated 
with a thin absorbing layer. To examine the effect of film thickness, measurements were performed 
on the 30 sample domains belonging to different carbon and SiO2 thickness values. To enable a 
simple comparison of the 30 depolarization curves, spectral average of depolarization values were 
calculated and plotted as function of SiO2 and carbon layer thickness in Figure 4 a). The average 
values of depolarization presented in Figure 4 a) are smaller than 4%, which might seem to be 
negligible. However, when considering the whole spectra, spectral regions are present where 
maximum depolarization values can far exceed the average value. As an example, the measured 
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depolarization spectra of coated SiO2 layers are presented Figure 4 b) and their average 
depolarization is denoted with dots also in the 3D surface plot of Figure 4 a). These figures show 
that as carbon layer thickness increases, the amplitude of the oscillations in the depolarization 
spectra decreases, and finally they become comparable with the noise level (Figure 4 b)). 
Furthermore, depolarization also becomes less significant when the SiO2 layer gets thinner. From 
the point of view of ultrathin absorbing layers, this suggests that when applying thermally grown 
SiO2 layers as support layer, the presence of the unknown 2D layer cannot significantly diminish 
the depolarization. Therefore in the following, we will investigate how the evaluation of 
ellipsometric data recorded on the graphene samples is altered when depolarization is neglected or 
handled. 
  
 
FIG.4.a) Average depolarization of the investigated samples as a function of SiO2 thickness and 
carbon thickness. Black circles indicate the average depolarization of 660 nm SiO2 samples covered 
with carbon layers of different thicknesses, the depolarization spectra of which are presented in 
Figure 4 b). For better visibility, each spectrum of Fig. 4 b) is shifted with a value of 10%. Results 
of focused beam measurements are presented. 
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As a first step of the ellipsometric evaluation, it was checked how the optical properties of the 
SiO2 layers depend on their thickness, since the thickness of the investigated SiO2 films vary in a 
wide range. In accordance with [31,32], it was found that the optical properties of the thinnest SiO2 
layer (35 nm) slightly differ from those determined for the thicker ones. For modeling the optical 
properties of SiO2, Sellmeier-dispersion was used, the parameters of which were fixed later during 
the evaluation of the graphene and carbon coated samples. 
Since the measurements of the graphene samples were carried out using focused beams, two 
approaches were used during evaluation: the first approach neglected depolarization while the 
second one handled it by taking into account the 4 nm bandwidth and the 3° angular spread. Each 
sample was measured at four different points and the datasets belonging to the same sample were 
evaluated jointly within one multisample environment using the following layer structure: a silicon 
substrate (optical functions from [31]), a silicon dioxide layer with different thickness values 
(optical properties described with Sellmeier-dispersion) and a graphene layer. This evaluation 
enabled us to couple the thickness and the optical properties of graphene, supposing that in the 
different measurement positions the graphene has the same optical behavior and the same thickness. 
The joint thickness and dispersion of the graphene could be varied slightly from sample to sample 
and the thickness of the underlying SiO2 layer was allowed to be fine-tuned at each measurement 
position. To describe the optical properties of graphene a general oscillator layer was built up from 
a Drude-, and two Lorentzian-type oscillators. During evaluation, the anisotropy of graphene was 
not taken into account, since in the case of uniaxial systems having the optical axis perpendicular to 
the sample surface and having sub-nm thickness, ellipsometry is not sensitive to the out of plane 
polarization [5,9]. Table I contains the resulting film thicknesses along with the corresponding MSE 
values.  
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TABLE I. Film thicknesses of graphene layers obtained from multisample modeling. The values 
originating from both approaches, handling and neglecting depolarization are presented.  
Graphene 
layer 
number 
Thickness with 
depolarization (nm) 
MSE with 
depolarization  
Thickness without 
depolarization (nm) 
MSE without 
depolarization  
1 0.313 14.19  0.662 14.83 
2 0.643 7.14 0.911 7.42 
5 1.657 14.49 1.862 15.83 
 
According to Table I the resulting film thickness values are rather different for the two 
approaches; therefore Raman spectroscopic measurements were carried out in order to verify the 
nominal layer numbers of the graphene samples. For the analysis of Raman spectra the position of 
the G peak located around 1580 cm
-1
 (Figure 5) was investigated, since the G peak shifts linearly as 
a function of the layer number [33,34]. The measured peak positions (1588.4 cm
-1
, 1585.6 cm
-1
, 
1583.6 cm
-1 
for the single, double and five layer graphene) support the nominal layer numbers, 
which are furthermore in good agreement with the results of the approach that handled 
depolarization. The stability of the ellipsometric fitting was also checked: minimized MSE values 
were calculated at different fixed thickness values around the ones determined by the minimization 
algorithm (insets of Figure 5). According to the insets the thickness values have a clear minimum 
around 0.32 nm, 0.65 nm and 1.66 nm supporting that the chosen optical model is reasonable.  
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FIG.5. G peak of the Raman spectra measured on the three different samples. Results of the 
thickness uniqueness fits of the ellipsometric analysis approach handling depolarization are shown 
in the insets.  
 
Optical functions resulting from the analysis are presented in Figure 6. Dashed lines correspond 
to the deduced optical functions in the case of the approach neglecting depolarization, while the 
solid lines show the optical functions resulting from the approach handling depolarization. The 
uncertainty of the optical functions (10%) indicated with gray regions around the curves was 
estimated from the uncertainty of the fitting parameters provided by the software.   
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FIG.6. a)-e) Refractive index and extinction coefficient of the different graphene samples (a) 
and b): single layer, c) and d): 2-layers, e) and f): 5-layers) deduced from the analysis of SE data 
handling (continuous line) and neglecting (dashed line) depolarization sources. In the case of single-
layer graphene and 5 layers graphene the results of References [1-3,7-10] and References [7,3] are 
also presented. 
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When comparing the n and k curves obtained with the two approaches, the largest difference 
can be observed in the case of the thinnest sample. As the graphene layer number increases the two 
curves almost overlap indicating that the effect gets less significant. The difference between the 
curves is almost constant, namely in the refractive index the average difference is 0.53 for the single 
layer, 0.18 for the 2-layer and less than 0.1 for the 5-layer sample, while the average difference in 
the extinction coefficient is 0.77, 0.27 and 0.1, respectively. As shown above, beside the optical 
properties the resulting thickness values also differ for the two approaches (Table I).  When the 3° 
angular spread and 4 nm bandwidth were neglected, the fitted graphene thicknesses became larger 
with ~ 0.3 nm in all cases. This value is in the range of the nominal thickness of single-layer 
graphene, suggesting that the large deviation in the deduced optical properties of single-layer 
graphene is due to thickness deviations comparable to film thickness. When the film thickness 
exceeds this deviation value the optical properties are less altered by the uncertainties in the fitted 
film thicknesses caused by neglecting depolarization. This also suggests that the large deviation can 
be avoided if the thickness is known from an independent measurement (e. g. atomic force 
microscopy). However, as shown above, ellipsometry is also capable of providing the thickness of 
such ultrathin layers, if the measurement conditions are known and taken into account.  
It has to be noted that if depolarization was neglected we would get almost the same n-k values 
for graphene samples of different layer number. In that case all optical curves would lay between 
1.4 and 2.3 for n, and between 0.7 and 1.6 for k. However, when depolarization is taken into 
account the deduced optical properties of single layer graphene are higher, namely n changes 
between 1.7 and 3 while k changes between 1.5 and 2.5. These values are in accordance with data 
from literature as shown in Fig 6 a) and b). The results of the approach handling depolarization 
show that with increasing layer number the optical functions shift down. The average decrease for 
2-layers graphene compared to single layer is 0.4 for n and 0.6 for k, while in case of 5-layers these 
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values are 0.5 and 0.8, respectively.  As the layer number increase it could be expected that the 
deduced optical properties resemble that of graphite [35], however, the observed decrease in n and k 
shows an opposite tendency. Similar behavior of few-layer graphene samples was observed by 
References [3,7].  
 
D. Evaluation of the PLD carbon layer samples 
Our observations show that film thickness values and optical properties resulting from the two 
approaches differ significantly. However, it was also observed that the deviation decreases with 
increasing film thickness. Thus it is expected that the influence of depolarization will vanish in the 
case of conventional thin films of a few-tens of nanometers thickness, which are typical subject of 
interference enhancement method. To support experimentally this expectation, ellipsometric data 
recorded on PLD carbon thin film series were also evaluated with the two approaches neglecting 
and handling depolarization. 
During the ellipsometric modeling of the carbon thin films, they were handled as isotropic 
samples, since the rather high D-peak in their Raman spectra (for the Raman spectra of a typical 
film see Fig 7 a)) indicated that they do not have the perfect crystalline nature of graphite. The 
spectra showed that their structure is closer to that of microcrystalline graphite exhibiting crystalline 
domains of different orientations, averaging out any anisotropy [36,37]. Furthermore, it was 
expected that layers of the same nominal thickness have the same optical behavior. Therefore, to 
reduce uncertainty, a multisample model was built for each nominal carbon thickness with different 
SiO2 thicknesses. The six multisample environments are represented by columns in Table II, where 
the results of the fittings are summarized. It is well-known that the properties of PLD thin layers 
show lateral dependency [38], so different dispersion characteristics were allowed at different 
nominal carbon thickness values; however, within one multisample environment – handling carbon 
film domains of the same nominal thickness – the carbon layer optical properties were coupled. To 
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describe the optical behavior of carbon thin films, a general oscillator layer was applied containing 
the same oscillator types as in the case of graphene.  The carbon and SiO2 layer thicknesses were 
allowed to change slightly during fitting. It was checked after each fitting procedure that the SiO2 
thicknesses remained close to the value which was measured before deposition.  
 
TABLE II. Film thicknesses of carbon layers obtained from multisample modeling. Each 
column belongs to one multisample environment. The presented values correspond to the approach 
handling depolarization.  
 
Carbon 
nominal 
 thick.  
(nm) 
 
SiO2 nom.  
thick. (nm) 
60 45 30 22 16 8 
35 53.13 43.36  32.88  21.37 18.03 11.25 
135 58.43  43.14  28.44 20.76  15.20  6.28 
300 59.72  44.72  30.52  24.50 10.93 6.45 
515 64.15  47.10  31.54  21.78  16.28 6.82 
659 62.52  46.42  36.39  20.90  10.64 9.39 
MSE 17.57  28.10  23.76  25.74 20.11 21.2  
 
The MSE values presented in Table II support that the fitting results are appropriate. We have to 
note, that the MSE values of the two approaches remained almost the same for the thicker carbon 
layers, but an average of 5% improvement was observed in the MSE values for carbon layers below 
10 nm if the depolarization parameters were introduced.  
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A resulting optical function of a typical PLD carbon layer is shown in Figure 7 b). The lower 
refractive index and extinction coefficient of PLD carbon layers compared to ordinary optical 
properties of graphite [35] can be explained by the structure of the layer, which is strongly 
influenced by the deposition conditions. Since deposition was performed in 1 Pa argon background, 
the layers are supposed to be less compact [39], giving rise to the observed decrease in the optical 
functions.  
 
FIG.7. a) Raman spectrum of a typical PLD carbon layer and b) the corresponding average n 
and k values.  
 
The graphitic character of the PLD samples enables us to compare the depolarization sensitivity 
of the deduced optical properties of PLD-grown carbon thin films to that of graphene. In order to 
present this sensitivity in different carbon thickness ranges, the difference between the n and k 
values resulting from the approaches neglecting and handling depolarization sources were 
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calculated at each point of the spectrum. The differences were averaged and plotted as a function of 
carbon layer thickness in Figure 8 along with the differences observed for graphene.   
 
 
FIG.8. Differences between the average n and k values of the graphene (open symbols) and 
carbon layers (solid symbols) evaluated with and without depolarization.  
 
As it can be seen from Figure 8 if the thickness of the carbon layer increases above a certain 
value, the difference of n and k values is no more relevant. When carbon thickness decreases, i.e. 
when the depolarization becomes more significant, the difference values increase. These results 
show that depolarization cannot be neglected when the absorbing layer under study is thinner than a 
threshold thickness. This threshold value in the case of our PLD grown carbon layers is around 30 
nm. According to our simulation results (not presented) the threshold thickness is smaller in the 
case of materials with larger extinction. A simple explanation is that if the refractive index and the 
extinction coefficient of the layer get higher, a smaller amount of light is reflected from the 
substrate-SiO2 interface. Thus a smaller amount of radiation traveling through the SiO2 layer can be 
detected. Therefore the apparent enhancement of the depolarization caused by the interference of 
the light reflected from the top and bottom of the layer has a smaller contribution to the spectra. 
This means, for graphite as an example, the depolarization related differences of the deduced optical 
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parameters are only significant in the case of layers having thicknesses less than 10 nm. Since 
graphene has a similar extinction to the ordinary dielectric function of graphite [35] and its 
thickness is always smaller than this threshold value, depolarization has a large influence on the 
deduced optical properties of graphene, in accordance with the results presented in Section C and 
Figure 8. 
 
IV. CONCLUSIONS 
In this work, we have determined the optical properties of single-, 2- and 5-layer graphene using 
the interference enhancement method, and we have studied the effects of depolarization on the 
deduced optical data. We have shown that if depolarization sources are present, increased 
depolarization will be observed due to the presence of the support layer, which is necessary for the 
interference enhancement method. According to our findings, neglecting depolarization results in a 
thickness deviation commensurable with the thickness of single-layer graphene causing significant 
error in the optical properties. For thin carbon film series it was presented that this effect decreases 
if the film thickness or the absorption of the film gets larger, as also predicted by the diminution of 
the depolarization. This decrease in the influence of depolarization was also revealed for graphene 
samples of different layer numbers. Our results indicate that it is very important to consider 
depolarization when applying interference enhancement method for ellipsometric analysis of 
ultrathin 2D materials. 
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